Thin highly textured Fe1+xCo2−xSi (0 ≤ x ≤ 1) films were prepared on MgO (001) substrates by magnetron co-sputtering. The magneto-optic Kerr effect (MOKE) and ferromagnetic resonance (FMR) measurements were used to investigate the composition dependence of the magnetization, the magnetic anisotropy, the gyromagnetic ratio and the relaxation of the films. The effective magnetization for the thin Fe1+xCo2−xSi films, determined by FMR measurements, are consistent with the Slater Pauling prediction. Both MOKE and FMR measurements reveal a pronounced fourfold anisotropy distribution for all films. In addition we found a strong influence of the stoichiometry on the anisotropy as the cubic anisotropy strongly increases with increasing Fe concentration. The gyromagnetic ratio is only weakly dependent on the composition. We find low Gilbert damping parameters for all films with values down to 0.0012 ± 0.00012 for Fe1.75Co1.25Si. The effective damping parameter for Co2FeSi is found to be 0.0018 ± 0.0004. We also find a pronounced anisotropic relaxation, which indicates significant contributions of two-magnon scattering processes that is strongest along the easy axes of the films. This makes thin Fe1+xCo2−xSi films ideal materials for the application in STT-MRAM devices.
I. INTRODUCTION
Half-metallic ferromagnets have attracted great interest during the past few years because they promise to boost the performance of spintronic devices. High spin polarization at the Fermi level can generate high tunnel magnetoresistance (TMR) ratios. A TMR effect can be measured in a magnetic tunnel junction (MTJ) that consists of two ferromagnetic films separated by a thin insulator. The same structures can also be utilized to spin transfer torque induced magnetization switching [1] , however in this case a low switching current density is desirable. Thus, low magnetic damping and a high spin polarization are frequently required for spin transfer torque based devices [2] . A high spin polarization can be found in half-metals where one spin band structure is semiconducting while the other spin band structure is metallic. Co-and Fe-based Heusler compounds are good candidates for materials with high Curie temperatures and half-metallic behavior. Full Heusler compounds have the formula X 2 YZ, where X and Y are transition metals and Z is a main group element. There are two different ordered structures: the L2 1 structure and the X a structure with a different occupation sequence. Both structures consist of a four-atom basis and an fcc lattice. The prototype of the L2 1 structure is Cu 2 MnAl (space group Fm3m) with the occupation sequence X-Y-X-Z [3] . The prototypes for the X a structure are Hg 2 CuTi and Li 2 AgSb with an occupation sequence Y-X-X-Z, with the two X-atoms at inequivalent positions in the lattice [4, 5] . In this work, we investigate * csterwerf@physik.uni-bielefeld.de the magnetic properties of a stoichiometric series ranging from Co 2 FeSi to Fe 2 CoSi, where Co 2 FeSi crystalizes in the L2 1 structure and Fe 2 CoSi in the X a structure, respectively. Both compounds should have a (pseudo-)gap in the minority states as predicted by first principle calculations. By substituting Co and Fe atoms the number of electrons varies and the Fermi level is expected to be shifted to lower energies when the Fe concentration is increased. As we reported previously, magnetic tunnel junctions based on the Fe 1+x Co 2−x Si films exhibit very high TMR ratios for all stoichiometries [6] . At 15 K a maximum TMR ratio of 262% was found for the intermediate stoichiometry Fe 1.75 Co 1.25 Si, while the Co 2 FeSi and Fe 2 CoSi based MTJs showed a TMR ratio of 167% and 227%, respectively. One possible explanation for the high TMR ratio is that for Fe 1.75 Co 1.25 Si the Fermi energy is shifted inside the pseudo-gap. In this work we present results of the magnetic properties for the magnetization dynamics in particular including anisotropy and the Gilbert damping parameter of the Fe 1+x Co 2−x Si films, as the intrinsic relaxation is are expected to be low for half-metals [7] .
II. PREPARATION AND CHARACTERIZATION TECHNIQUES
Thin Fe 1+x Co 2−x Si (x=0, 0.25, 0.5, 0.75, 1) films were fabricated using co-sputtering in an UHV sputtering system with a base pressure of 1·10 −9 mbar. The Ar pressure during sputtering was 2·10 −3 mbar. The films were grown by dc-and rf-magnetron sputtering from elemental targets onto MgO (001) substrates. Additional MgO and Cr seed layers were used to accommodate small lattice mis-matches and to promote coherent and epitaxial growth, as the Cr seed layer grows in 45
• direction on the MgO layer, which has a lattice parameter of 4.212Å. The lattice mismatch between two unit cells of Cr (2 × 2.885Å at 20
• C [8] ) and one unit cell of Co 2 FeSi (5.64Å [9] ) or Fe 2 CoSi (5.645Å [10] ) is about 2%. The 5 nm thick MgO and Cr films were in-situ annealed at 700
• C to obtain smooth surfaces. Fe 1+x Co 2−x Si films with a thickness of 20 nm were deposited at room temperature and ex-situ vacuum annealed at 500
• C. A 2 nm thick MgO capping layer was used to prevent oxidation of the films. To determine the stoichiometry and to adjust the sputtering powers, x-ray fluorescence measurements were carried out. To obtain information about the magnetization dynamics, in-plane ferromagnetic resonance (FMR) measurements were performed using a broadband coplanar waveguide setup up to a maximum frequency of 40 GHz. Least square fits of the raw data using a first derivative of a Lorenzian line shape were done to precisely determine the resonance field and the peak-to-peak linewidth ∆H [11, 12] . For the FMR in-plane angle dependent measurements the samples were mounted on a rotating stage and the resonance spectra were measured at a frequency of 30 GHz while the in-plane angle was changed in 5
• steps. In addition quasistatic magnetization reversal measurements were carried out using the magneto-optic Kerr effect (MOKE) in a vector MOKE setup with an spolarized laser with a wavelength of 488 nm. Anisotropy measurements were carried out using a rotating sample holder. The magnetic field was applied in the plane of the films.
III. CRYSTALLOGRAPHIC PROPERTIES
X-ray diffraction measurements were used to investigate the crystallographic properties of the Fe 1+x Co 2−x Si films. Ordering parameters, determined from x-ray diffraction, were already discussed in our previous work [6] and found to be high for Co 2 FeSi and decrease when going to Fe 2 CoSi. In order to test the films for crystallographic symmetry ϕ scans are performed on the (220) planes of the Fe 1+x Co 2−x Si films. Figure 1 shows the results together with the (220) plane of the MgO (001) substrate. The result shows that the (100) Heusler plane is rotated by 45
• with respect to the MgO (100) plane. The fourfold symmetry of the ϕ-scans clearly verifies the highly textured growth of all Fe 1+x Co 2−x Si films of this study.
IV. MAGNETIZATION DYNAMICS
In this section we present in-plane broadband FMR measurements for the Fe 1+x Co 2−x Si samples to obtain information about the magnetic properties of the films. of an effective field H eff , which contains both dc and ac fields. It is given by [13] :
where γ is the gyromagnetic ratio and the quantity parameter α is the Gilbert damping parameter. According to the Landau-Lifshitz-Gilbert equation (1), the resonance condition can be expressed in terms of the second derivatives of the free-energy density E by the SmitBeljers formula [14] :
where γ ′ = γ/2π, θ and ϕ are the polar and azimuthal angles of the magnetization M and θ 0 and ϕ 0 the corre- 
where M eff , γ ′ and H 4 are shared fit parameters. H 4 describes the magnitude of the in-plane fourfold anisotropy field. H res−ha and H res−ea denote the resonance field along the magnetic hard and the magnetic easy axis, respectively. The resulting fit parameters for the gyromagnetic ratio γ ′ are presented in Fig. 6 a) for all x in Fe 1+x Co 2−x Si. Within the error bars it is nearly constant for x ≥ 0.25 and slightly smaller for Co 2 FeSi. The fitted effective magnetization, which includes any perpendicular anisotropy present in the films, is shown in Fig. 3 for the Fe 1+x Co 2−x Si samples. The error bars originate from fitting of the Kittel equations and the determination of the volume of the unit cell. For bulk Co 2 FeSi and Fe 2 CoSi the experimentally determined magnetizations are 5.95 µ B /f.u. [9] and 4.99 µ B /f.u. [10] , respectively, which match the expected magnetizations according to the Slater-Pauling rule (visualized by the dashed line in Fig. 3 on the right axis) . The deviation from the expected values might be attributed to residual atomic disorder in the films or the presence of a perpendicular anisotropy caused by a small tetragonal distortion in the The frequency dependence of the linewidth of the ferromagnetic resonance absorption provides direct information about the magnetic relaxation. The frequency dependence of the linewidth [16, 17] can under certain conditions be characterized by an inhomogeneous residual linewidth at zero field ∆H 0 and an intrinsic contribution [18] :
For correct determination of the effective damping parameter it is necessary to measure the linewidth over a wide frequency range to determine the slope. It is not sufficient to measure ∆H at a fixed frequency, because a non-zero extrinsic linewidth ∆H 0 results in an overestimated damping parameter α eff . Figure 4 shows the peak-to-peak linewidth ∆H for all frequencies and all x. The measurements were performed in the direction of the magnetic hard axis of the Heusler films. The experimental data were fitted by equation (5) to determine the effective damping parameters. The slope at higher frequencies was used to determine the damping parameters. The inhomogeneous residual linewidth at zero field ∆H 0 is presented in Fig. 6 b) for all stoichiometries. The error margins result from the different slopes in the ∆H vs. f curves. The residual linewidth decreases as the Fe concentration increases and reaches its lowest value of ∆H 0 = 12 Oe for Fe 2 CoSi. McMichael et al. [19] found that small grain size distributions can lead to low inhomogeneous line broadening. The effective Gilbert damping parameter α eff is shown in Fig. 6 c) . All damping parameters have the same order of magnitude and vary between 0.0012 ± 0.00012 to 0.0019 ± 0.00013. The very upper limit of the error margins was calculated assuming that the linewidth measured at 40 GHz is caused solely by Gilbert type damping. parameters from 0.0023 to 0.0061 for Co 2 FeSi films and 0.002 for Fe 2 CoSi [20] . In general, the Gilbert damping is expected to be low in half-metallic materials, where spinflip processes are suppressed [7, 21] . The small damping parameters of the metallic films show that a pseudo-gap as present in the Fe 1+x Co 2−x Si system is sufficient to give rise to a low Gilbert damping. Figure 5 shows the frequency dependent linewidth along easy and hard axes for the Fe 2 CoSi. The linewidth exhibits almost linear behavior (the Gilbert model) along the hard axis. We observed non-linear behavior in the linewidth vs. frequency response along the magnetic easy axis. This nonlinear dependence of the FMR linewidth on frequency is a typical observation when two magnon scattering contributes significantly to the relaxation [22, 23] . Two-magnon scattering is an extrinsic relaxation mechanism and can be induced by means of different scattering centers such as voids or pores [24] , surface roughness [22] and grain size [25] or by network of misfit dislocations which causes scattering of the FMR mode (k=0) into propagating spin waves (k =0).
A. FMR in-plane rotation measurements
To obtain further information about the magnetic anisotropies and magnetic relaxation additional FMR measurements were carried out as a function of the in-plane angle of the applied field with respect to the Fe 1+x Co 2−x Si [110] axis. The operating frequency for the rotation measurements was 30 GHz. At this frequency the resonance fields are high enough to saturate the magnetization along the easy and hard axes. All measurements were performed at room temperature.
A fourfold symmetry is observed in the in-plane angle dependence of the ferromagnetic resonance field for all samples. Figure 7 a) exemplarily shows the ferromagnetic resonance field H res versus the in-plane rotation angle for Fe 2 CoSi. The dependence of the resonance field on the in-plane angle was simulated numerically using equation (2), assuming a cubic magnetic anisotropy contribution to the Gibbs free energy [26, 27] :
where K 4 is the cubic magnetic anisotropy constant and α 1 , α 2 , α 3 are the directional cosines with respect to the cubic principal axes. The experimentally determined in-plane angle dependent H res data were fitted with the numerical solution (red line in Fig. 7 a) ) to determine the cubic anisotropy constant. Figure 7 b ) shows the corresponding linewidth data, which also shows a clear fourfold symmetry. The linewidth exhibits maxima along the easy axes and minima along the hard axes of the cubic magnetic anisotropy. Randomly distributed crystalline defects oriented along the in-plane principal crystallographic axis [28] or a fourfold distribution in misfit dislocations [29] which induce the same symmetry on the strength of two magnon scattering can explain the observed anisotropic relaxation. The magnetic fourfold symmetry matches the crystallographic symmetry of the highly textured Fe 1+x Co 2−x Si films mentioned before. A polar plot of the MOKE squareness versus the rotational angle for Fe 2 CoSi is presented in Fig. 8 . This measurement confirms the cubic [30] . Some films show an additional uniaxial anisotropy component, which can originate from miscut substrates.
V. CONCLUSION
In summary we found very small damping parameters for the half-metallic Fe 1+x Co 2−x Si films varying from 0.0012 ± 0.00012 to 0.0019 ± 0.00013. Co 2 FeSi exhibits a damping parameter of 0.0018 ± 0.0004. Thus, the films are suitable for the use in STT-MRAMs. FMR and MOKE measurements reveal a fourfold magnetocrystalline anisotropy for all films in accordance with the fourfold crystalline symmetry in the highly textured films. The need for frequency dependent FMR measurements was exemplified by the finding that the residual linewidth changes both with composition and with the measurement direction.
